Abstract. Hypoperfusion following acute stroke is common in the infarct core and periphery tissues. The present study evaluated the efficacy of salvianolic acid (SA) on the cerebral perfusion of patients who had suffered from acute stroke using perfusion-weighted magnetic resonance imaging (PWI) to examine the blood perfusion of the affected brain tissue prior to and following treatment. Patients who were admitted to PLA 153 Central Hospital within 72 h of acute stroke symptom onset and had a Glasgow coma scale ≥5 were randomized into two groups: SA and control groups. Patients in the SA group were administered SA 0.13 g/day for 14 days. PWI was performed for all patients at admission and post-treatment. The National Institutes of Health Stroke Scale (NIHSS) and modified Rankin Scale (mRS) were applied to assess neurological function at admission and 3 months post treatment. A total of 159 patients were enrolled (85 patients in the SA group and 74 patients in the control group). A total of 62 patients in the SA group and 51 patients in the control group exhibited hypoperfusion in the ipsihemisphere of the diffusion-weighted magnetic resonance imaging (DWI) lesion. In addition, relative cerebral blood volume (rCBV), a ratio of the signal value of the region of interest in the same hemisphere of the DWI lesion to that of its mirror in the PWI CBV map, decreased significantly following treatment with SA compared with the control group in patients with hypoperfusion (P= 0.02), which were indicated by PWI images at admission, in the DWI lesions or the surrounding areas. Additionally, there was no significant difference in patients with normal perfusion at admission in rCBV in DWI lesions or its surrounding area between the two groups at day 15.
Introduction
The Global Burden of Diseases study 2015 reported a total of 42.43 million cases of cerebrovascular disease worldwide and a total of 6.33 million moralities due to stroke (1) . Individuals >40 years of age had an increased prevalence of stroke, with the highest rate for those aged 74-79 years. The age-standardized prevalence of ischemic stroke was greater than that of hemorrhagic stroke in the majority of regions and resulted in 57% of all stroke mortalities in 2015. The incidence rate was 54/100,000 in males and 44/100,000 in females (1) . There was a markedly higher stroke mortality rate in non-Hispanic African-American individuals compared with all other ethnic groups and >25% of stroke mortalities in individuals aged ≥45 occurred to those in the 45-64 years age group (28.6%) (2) . In China age-standardized stroke mortality was 127/100,000 individuals in 2010 (3) . In the last decade China has observed significant growth in its elderly population and individuals ≥75 years old accounted for 3.5% of the total population in 2013. Residents ≥65 years old reached 200 million in 2014 and there was a 4.3% increase in annual first-ever stroke incidence from 1992 to 2012 (4) . Stroke is the primary cause of mortality and a prominent factor associated with disability-adjusted life-years in China, with high social and economic costs (5) . Therefore urgent investigation into novel therapies for the effective treatment of stroke is required.
Patients with acute stroke suffer from a sudden decrease in cerebral blood flow in partial or global brain tissues, which leads to a reduction in oxygen and glucose supply and ultimately results in permanently infarcted tissue (ischemic core) surrounded by a reversible and salvageable zone (penumbra) (6) . The degree and duration of tissue hypoperfusion determines the outcome of the ischemic tissue (7, 8 ). An assessment of penumbral presence may be used to identify patients who are ineligible for acute stroke treatment but may still benefit from reperfusion therapy (9) . Various imaging methods may be used
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acute stroke: A single-center randomized controlled trial to assess the presence of penumbral tissue (10) , including perfusion weighted magnetic resonance imaging (PWI), diffusion weighted magnetic resonance imaging (DWI) and PWI-DWI mismatch, which is useful for the evaluation of cerebral hemodynamics, particularly in indicating hypoperfusion (11) . When abnormal PWI lesions are larger than DWI lesions (PWI>DWI) it represents the existence of penumbra following stroke, as previously described (12) . Galinovic et al (13) and Mishra et al (14) demonstrated an association between reper-14) demonstrated an association between reperdemonstrated an association between reperfusion and a positive outcome in patients with a substantial PWI-DWI mismatch. However this was not observed in patients without a PWI-DWI mismatch in cohort studies. At present, the only approved drug for acute ischemic stroke is recombinant tissue plasminogen activator (rtPA), which is administered within a time window of 3-4.5 h (14) . However, the majority of patients do not benefit from this therapy as they are typically admitted to hospitals ~4.5 h after symptom onset or there are contraindications to systemic thrombolysis, including recent major surgery or active bleeding (15) . Beyond this time window, a delayed intervention is required. Delayed intervention for acute stroke is defined as therapies beyond the 4.5 h time window, and are based on the principle of arterial recanalization and rapid reperfusion of the ischemic penumbra (16) . Improving microcirculation surrounding the ischemic penumbra has been suggested to be an effective way to prevent ischemic injury to neurons (16) .
Salvianolic acid (SA) is an extract of Salvia miltiorrhiza Bunge (Danshen), which is a traditional Chinese medicine that has been used within clinical settings for >2,000 years in China (17) . Danshen is a perennial herb and within traditional Chinese medicine it is used to improve blood circulation (18) . SA is a compound containing multiple salvianolic acids including, salvianolic acid A and B (19) . In previous studies it has been demonstrated that salvianolic acid A and B may have neuroprotective effects in an animal model of ischemia (20) . The aim of the present study was to investigate whether SA was able to improve penumbral microcirculation in patients who had suffered from acute stroke.
Patients and methods
Patients. Diagnosis of acute ischemic stroke was confirmed using diffusion-weighted magnetic resonance imaging (DWI) in 159 patients (117 male and 42 female; age, 60.10±13.02 years), who were prospectively recruited between June 2015 and March 2016 at the People's Liberation Army 153 Central Hospital (Zhengzhou, China). Inclusion criteria included <72 h from symptom onset, a Glasgow coma scale (GCS) score >5 (21) and patients without contraindications for magnetic resonance imaging (MRI), including those who were not allergic to paramagnetic contrast agents. Patients with cerebral hemorrhage, resuscitated encephalopathy, or a GCS score ≤4 were excluded from the present study. Written informed consent was obtained from all patients and the present study was approved by the Ethics Committee of PLA 153 Central Hospital (Zhengzhou, China).
Patients were randomly divided into the SA group (n=85) and the control group (n=74). In the control group, patients were treated with standard therapy, which was aspirin enteric-coated tablets 100 mg/day (Bayer AG, Leverkusen, Germany) and atorvastain tablets 20 mg/day (Pfizer, Inc., New York, NY, USA). Patients continued to be treated with drugs for pre-existing conditions, including hypertension and diabetes mellitus. The control group was treated with a total of 250 ml normal saline administered intravenously everyday for 14 days. In the SA group, SA (0.13 g/day; Tasly Pharmaceutical Group Co., Ltd., Tianjin, China) was administered intravenously dissolved in 250 ml normal saline for 14 days in addition to the standard therapy as performed in the control group. If the patient was eligible for rtPA thrombolysis (symptom onset to treatment ≤3 h and no bleeding at admission), intravenous rtPA treat-3 h and no bleeding at admission), intravenous rtPA treath and no bleeding at admission), intravenous rtPA treath and no bleeding at admission), intravenous rtPA treatno bleeding at admission), intravenous rtPA treatno bleeding at admission), intravenous rtPA treat-, intravenous rtPA treatment (0.9 mg/kg; Boehringer Ingelheim International GmbH, Ingelheim am Rhein, Germany) was received whether in the control or SA group. One patient received rtPA treatment in each group.
Magnetic resonance imaging. All images were acquired on a Siemens 3 T whole body Trio scanner (Siemens Healthineers, Erlangen, Germany). The MRI protocol included DWI, fluid-attenuated inversion recovery (FLAIR) and dynamic susceptibility contrast perfusion perfusion-weighted MRI (PWI). DWI, FLAIR and PWI were performed on day 1 or 2 of admission, and DWI and PWI were repeated post-admission on day 15.
DWI was obtained with the use of a multislice, single-shot, spin-echo echo-planar imaging sequence with the following parameters: Time of repetition (TR), 4,200 msec; time of echo (TE), 96 msec; field of view (FOV), 24x24 cm; and matrix size, 256x256. A total of 21 6-mm thick slices with a 10% gap were obtained, and these images were collected with b=1,000 s/mm 2 , from which the apparent diffusion coefficient was determined.
The following FLAIR sequence parameters were used: TR, 6,500 msec; TE, 110 msec; inversion time, 2,200 msec; FOV, 24x24 cm; and matrix 256x256, for 21 6-mm thick slices with a 10% gap.
For PWI, a gradient echo, echo planar imaging sequence was employed. Gadolinium diethylenetriaminepentaacetic acid (Gd-DTPA; Guangzhou Consun Pharmaceutical, Co., Ltd., Guangzhou, China) at 0.2 mmol/kg was administered using a large-bore cannula (20 G; 1.1x30 mm) in the antecubital fossa (speed, 5 ml/sec) through a power injector (Medrad Inc.; Bayer, Newbury, UK), followed by 20 ml normal saline with the same speed. A total of 19 slices were obtained with a slice thickness of 5 mm and a 30% gap (FOV, 23x23 cm; matrix, 128x128; TR, 1,550 msec; and TE, 32 msec). At the end of the third scanning procedure of 50 continuous scans with a total scanning time 84 sec, a bolus injection of Gd-DTPA was administered. Subsequently, images were obtained at 50 time points per slice, with a total of 950 images. The raw PWI data were processed using an MRI workstation (Siemens Healthineers) to produce PWI maps, including cerebral blood volume (CBV), cerebral blood flow (CBF), mean transit time (MTT) and time to peak (TTP) maps. On these maps the abnormal perfusion was expressed as red, making it easily identified by the naked eye, which is known as the visual assessment method.
Manual imaging coregistration. Slices with the most notable changes in DWI were selected, and non-transparent and reverse conversions were performed on the DWI lesions that were identified as diaphanous via photo processing (Photoshop CS5; Adobe Systems, Inc., San Jose, CA, USA). Subsequently, the processed images were superimposed on the same or the nearest slice of the PWI map with the same magnification; and imaging coregistration was completed (Fig. 1) .
Definitions. The 0.16-cm 2 area selected on the ipsilateral hemisphere of the DWI lesion on the PWI maps was defined as the region of interest (ROI). ROIs were located either in the lesion or in its surrounding tissue using coregister imaging. The signal intensity of ROI was calculated automatically (Syngo ® MR B17; Siemens AG, Munich, Germany) on CBV, Following the placing of the innermost circle of the concentric circle on the border of the DWI lesion in order to locate the distance of region of interest from the DWI lesion. (D) R1 was located in the DWI lesion; R2, R3, and R4 were 1, 2 and 3 cm from DWI lesion, respectively. R, region of interest; DWI, diffusion-weighted magnetic resonance imaging; PWI, perfusion-weighted magnetic resonance imaging.
CBF, MTT and TTP maps, respectively. A mirror of the ROI with the same area was placed on the contralateral hemisphere symmetrically with avoidance of vessel and cortical sulci, and its signal intensity was also calculated automatically (Syngo ® MR B17).
To perform circle calibrations, six circles with diameters of 1, 2, 3, 4, 5 and 6 cm, were drawn to form a concentric circle. Subsequently, the concentric circle was placed on the ruler of the PWI maps to identify the magnification factor. The minimum circle of the concentric circle thereafter was placed on the border of the DWI lesion on the coregistered PWI map. A 2-3 cm distance from the border of the DWI lesion was defined as the lesion surroundings, where ROIs represented the ischemic penumbra (Fig. 2) .
Furthermore, the ratio of the signal value of ROI in the injured hemisphere to that of its mirror was considered to indicate the relative PWI parameter, that is, relative (r)CBV, rCBF, rMTT and rTTP.
According to the territory of arterial supplies, the internal cranial artery (ICA) was defined as the responsibility vessel when the DWI lesion was located in ICA territory. Similarly, the vertebral basilar artery (VBA) was defined as the responsibility vessel when there was a DWI lesion in its territory.
Due to the reversed association of the signal value with the real CBV, CBV may be reasonably speculated from rCBV as follows: If rCBV was <1, meaning that the blood perfusion in ROI was greater than that in it's mirror, the speculated CBV= [1 + (1-rCBV)] x100%; whereas, if rCBV was >1, meaning that the blood perfusion in ROI was less than that in it's mirror, the speculated CBV=[1-(rCBV-1)] x100%.
The modified Rankin Scale (mRS) (22) was used to measure the extent of disability in patients after stroke with ordinal scores from 0-6 as follows: 0, no symptoms or disability; 1, symptoms but no disability; 2, slight disability but no assistance was required; 3, moderate disability and some assistance was required with activities of daily living, but patients were able to walk independently; 4, moderately severe disability and inability to walk or care for bodily requirements without assistance; 5, severe disability where patients were bedridden and required constant care; and 6, patients succumbed to fatality. An mRS score of 0-2 was considered a favorable outcome and scores ≥3 were considered as unfavorable. mRS scores were recorded in all patients at the 3-month follow-up.
The National Institutes of Health Stroke Scale (NIHSS) (23) was applied to measure the extent of neurological dysfunction or deficit after stroke across multiple domains, including motor, sensory, visual and language functions. Scores ranged from 0-42, with a higher score indicating a more severe neurological deficit. NIHSS was recorded at admission and the 3-month follow-up.
Statistical analysis. All data were presented as mean ± standard deviation, and IBM SPSS software (version 19.0; IBM Corp., Armonk, NY, USA) was applied for statistical analysis of the data. Independent or unpaired sample t-test was used to compare the differences between the groups mean values. The constitutive ratio was analyzed using Fisher's exact test. P<0.05 was considered to indicate a statistically significant difference.
Results
Clinical characteristics. Among the total 168 patients that were screened, 4 patients were excluded from the study due to allergy to sulfanilamide (n=2) and claustrophobia (n=2). A total of 5 patients in the control group dropped out from the trial due to the requirement of the patients to transfer to another hospital during treatment.
Baseline characteristics of the patients are indicated in Table I . Among the 159 patients, 85 patients were allocated to the SA group and 74 patients were allocated to the control group. No statistically significant differences were identified regarding the sex, age, and time from symptom onset to hospital admission between the control and SA groups. The median time from symptom onset to hospital admission was 6 h in the SA group and 9 h in the control group. Furthermore, the median GCS at admission was ~12 in the SA and control groups.
Through visual assessment (24) 62 patients in the SA group and 51 patients in the control group were recorded as exhibiting hypoperfusion at admission. In addition, 23 patients exhibited normal perfusion in both the control and SA groups; however, contralateral hypoperfusion occurred in 15 patients in the SA group and 5 patients in the control group. No significant difference was indicated in ipsilateral hypoperfusion between the control or SA groups in the constitutive ratio (Table I) . Additionally, the results indicated that there was no significant difference in contralateral DWI lesion between the control and SA groups. The present findings suggested that the ICA was associated with 69 cases in the SA group and 61 cases in the control group. Furthermore, 14 cases in the SA group and 13 cases in the control group were verified VBA as the responsible artery. The remaining 2 patients in the SA group had DWI lesions in both ICA and VBA territories.
Changes of relative PWI parameters at admission. The relative PWI parameters at admission within DWI lesions, which were located using the coregister imaging method, were indicated to be <1 for rCBF (0.68±0.45 in the SA group vs. 0.85±0.51 in the control group), and >1 for rMTT (1.31±0.56 in the SA group vs. 1.34±0.56 in the control group) and rTTP (1.17±0.24 in the SA group vs. 1.15±0.36 in the control group) (Table II) . In addition, the mean rCBV was 1.27±0.59 in the SA group and 1.21±0.68 in the control group. Due to the reversed association of the signal value with the real CBV (25) , the value of rCBV >1 implied hypoperfusion compared with its contralateral hemisphere. Changes in the relative PWI parameters indicated that hypoperfusion and longer blood perfusion times were similar in the DWI lesions of SA and control groups (Table II) . Table III demonstrated similar observations of the relative PWI parameters regarding the environment surrounding the DWI lesion, which was limited in 1-3 cm around the lesion using the concentric circle calibration method; and similar hypoperfusion and longer blood perfusion times were also indicated. Results suggested there was no significant difference identified in rCBV, rCBF, rMTT and rTTP between the SA and control groups. In either ICA or VBA, there were no significant differences in rCBV, rCBF, rMTT, or rTTP between the SA and control groups in the DWI lesion or in its surroundings (Table IV) ; which indicated a similar effect was observed regarding the relative PWI parameters between SA and control groups. In normal perfusion or hypoperfusion, the relative PWI parameters were not significantly different in the DWI lesion or in its surroundings in the SA and control groups at admission (Table V) .
Changes in relative PWI parameters following treatment.
There was no significant differences identified between the SA and control groups post-treatment in terms of rCBV, rCBF, rMTT, and rTTP in the DWI lesion or its surroundings (Figs. 3 and 4, respectively) . However, compared with the different responsible vessel, there was a significant difference between the two groups in ICA in rCBV, rCBF, and rMTT (Figs. 5 and 6); however, there was no significant difference in VBA (Figs. 7 and 8 ), which implied a superior treatment effect on ICA to VBA. Comparisons of the perfusion states indicated there was no significant difference in normal perfusion (Figs. 9 and 10 ). However, a significant difference appeared in the hypoperfusion between the two groups in rCBV, rCBF, rMTT, and rTTP, either in the DWI lesion or in its surrounding (Figs. 11 and 12 ). These findings indicate that patients with hypoperfusion at admission may benefit from this therapy to a greater extent compared with patients with normal perfusion.
In certain patients the abnormal PWI disappeared following treatment with SA, whereas in other patients treated with SA abnormal PWI persisted (Fig. 13) . This may be due to the different reperfusion of CBV.
Speculated CBV using the speculation method. The CBV at admission in the DWI lesion was 73 and 79% of the contralateral in the SA and control groups, respectively (Table VI) . In addition, surrounding the DWI lesion the CBV was 98 and 99% of the contralateral in the SA and control groups, respectively (Table VII) . However, in patients with hypoperfusion at admission the CBV was 93 and 46% of the contralateral in the DWI lesions and 102 and 61% in the surroundings in the SA and control groups, respectively following treatment (Table VIII) . In patients with ICA responsible artery the CBV was 98 and 50% in the DWI lesions and 104 and 67% in the surroundings following treatment in the SA and control groups, respectively (Table IX) .
Neurological function. The neurological function in patients was evaluated using NIHSS and mRS. There was no significant difference in NIHSS between the two groups at admission (8.43±6.05 in the SA group vs. 9.12±5.98 in the control group; (Table X) , which indicated that there was a minor deficit of neurological function in the SA group compared with that in the control group. When mRS was dichotomized, the proportion of patients with a favorable outcome was significantly increased in the SA group compared with the control group (Fig. 14) . Relative perfusion-weighted magnetic resonance imaging parameters of the diffusion-weighted magnetic resonance imaging lesion in hypoperfused patients after 14-days of treatment. rCBV, relative cerebral blood volume; rCBF, relative cerebral blood flow; rMTT, regional mean transit time; rTTP, regional time to peak; SA, salvianolic acid. 
Discussion
Stroke is one of the leading causes of morbidity and the second most common cause of mortality worldwide (26). An acute ischemic stroke occurs due to occlusion or a severe restriction in the blood supply to the brain, resulting in hypoperfusion of the brain tissue, namely, ischemic penumbra; which may cause permanent infarction (14) . Therefore, the aim of acute stroke treatment is to restore the blood supply of hypoperfused brain tissues in a timely manner to prevent these tissues from undergoing irreversible injury. This is referred to as reperfusion therapy (13) . Currently, effective reperfusion therapy includes the intravenous and intraarterial administration of rtPA, and the use of various thrombectomy devices under X-ray guidance which is typically defined as dethrombosis therapy or recanalization (27) (28) (29) (30) (31) (32) . The focus of these therapies is on the restoration of the antegrade flow of the supplying artery in the ischemic regions. However, the time window limits its use in clinical practice (33, 34) .
With the progress of neuroimaging techniques, it is possible to observe the existence of ischemic penumbra. Previous studies have suggested that the mismatch between PWI and DWI represents ischemic penumbra (35, 36) . If increased CBV in the penumbra is achieved following treatment, it may be concluded that there was a restoration of blood perfusion in the penumbra, whether antegrade or retrograde flow. Figure 5 . Relative perfusion-weighted magnetic resonance imaging parameters of the diffusion-weighted magnetic resonance imaging lesion in responsibility vessel internal cranial artery after 14 days of treatment. rCBV, relative cerebral blood volume; rCBF, relative cerebral blood flow; rMTT, regional mean transit time; rTTP, regional time to peak; SA, salvianolic acid. Figure 6 . Relative perfusion-weighted magnetic resonance imaging parameters of the surrounding region of the diffusion-weighted magnetic resonance imaging lesion in responsibility vessel internal cranial artery after 14 days of treatment. rCBV, relative cerebral blood volume; rCBF, relative cerebral blood flow; rMTT, regional mean transit time; rTTP, regional time to peak; SA, salvianolic acid.
In the present study, among the 159 cases of acute ischemic stroke, 62 cases in the SA group and 51 cases in the control group exhibited hypoperfusion in the ipsilateral hemisphere of the DWI lesion, with another 23 cases in each group who presented with normal perfusion. However, the hypoperfusion/normal perfusion in the ipsilateral hemisphere between these two groups was not significantly different at admission. In addition, relative PWI parameter comparisons between the SA and control groups also indicated no significant difference at admission, whether in DWI lesion or in the surroundings of the DWI lesion. However, following the 14-day treatment, a significant decrease in rCBV occurred in the SA group compared with the control in the DWI lesion and its surrounding region in patients with responsibility vessel ICA or hypoperfusion at admission. Relative PWI parameters in the SA group were compared with those in controls within Figure 7 . Relative perfusion-weighted magnetic resonance imaging parameters of the diffusion-weighted magnetic resonance imaging lesion in responsibility vessel vertebral basilar artery after 14 days of treatment. rCBV, relative cerebral blood volume; rCBF, relative cerebral blood flow; rMTT, regional mean transit time; rTTP, regional time to peak; SA, salvianolic acid. Figure 8 . Relative perfusion-weighted magnetic resonance imaging parameters of the surrounding region of the diffusion-weighted magnetic resonance imaging lesion in responsibility vessel vertebral basilar artery after 14 days of treatment. rCBV, relative cerebral blood volume; rCBF, relative cerebral blood flow; rMTT, regional mean transit time; rTTP, regional time to peak; SA, salvianolic acid. the subgroups of ICA as a responsible vessel or hypoperfused patients at admission. No significant difference was indicated within the subgroup of VBA as the responsible vessel or normal perfused patients at admission, which implied that SA improved the perfusion of the hypoperfused brain tissue in the DWI lesion and its surroundings, potentially by a selective pattern to fit the metabolism demands of the hypoperfused tissue, or by increasing blood perfusion in hypoperfused tissues selectively and not influencing the non-hypoperfused tissues, as SA did not significantly affect CBV in normal perfused patients. Baron et al (37) found previously that oxygen extraction fraction (OEF) increased from the normal value of approximately 40 to >80% in the area of penumbra in a hemodynamic cerebral ischemia patient with positron emission tomography. Furthermore, with the ischemia-reperfusion experiment model in cats, reversible middle cerebral artery (MCA) occlusion Figure 9 . Relative perfusion-weighted magnetic resonance imaging parameters of the diffusion-weighted magnetic resonance imaging lesion in normal perfusion patients after 14 days of treatment. rCBV, relative cerebral blood volume; rCBF, relative cerebral blood flow; rMTT, regional mean transit time; rTTP, regional time to peak; SA, salvianolic acid. Figure 10 . Relative perfusion-weighted magnetic resonance imaging parameters of the surrounding region of the diffusion-weighted magnetic resonance imaging lesion in normal perfusion patients after 14 days of treatment. rCBV, relative cerebral blood volume; rCBF, relative cerebral blood flow; rMTT, regional mean transit time; rTTP, regional time to peak; SA, salvianolic acid.
occurred by reopening the MCA after 60 min (37). Heiss (38) previously reported that when the OEF remained elevated throughout the ischemic episode, reperfusion prevented large infarcts involving cortical areas, and if the initial OEF increase disappeared during ischemia, extended postischemic hyperperfusion-accompanied large infarcts developed. These findings suggest that reperfusion may only fit the metabolic demands of hypoperfused tissues, and consequently, a favorable outcome was obtained. Therefore, the different energy requirements for the maintenance of membrane function and for the propagation of information may result in different blood flow volumes supplied for the preservation of neuronal function and morphological integrity. The present study indicated that SA treatment may be an effective reperfusion treatment for the hypoperfused tissues when administered <72 h following the onset of symptoms as it responds appropriately to metabolic demands and consequently provides an improved outcome compared with the control. Figure 11 . Relative perfusion-weighted magnetic resonance imaging parameters of the diffusion-weighted magnetic resonance imaging lesion in hypoperfused patients after 14 days of treatment. rCBV, relative cerebral blood volume; rCBF, relative cerebral blood flow; rMTT, regional mean transit time; rTTP, regional time to peak; SA, salvianolic acid. Figure 12 . Relative perfusion-weighted magnetic resonance imaging parameters of the surrounding region of the diffusion-weighted magnetic resonance imaging lesion in hypoperfused patients after 14 days of treatment. rCBV, relative cerebral blood volume; rCBF, relative cerebral blood flow; rMTT, regional mean transit time; rTTP, regional time to peak; SA, salvianolic acid.
When compared with the different responsible arteries, in the ICA territory, SA also appeared to have greater benefits in improving the perfusion of the ischemic core and ischemic penumbra compared with that in the VBA territory. These findings suggest that microcirculation compensation may be a potential mechanism associated with acute stroke treatment with SA. However, further studies are required to fully elucidate this.
The present study indicated that blood perfusion in ischemic core and it's surrounding was improved in hypoperfused tissues following SA treatment. Similar changes were identified in the neurological deficits using NIHSS and mRS. No significant difference was indicated in the NIHSS between the SA and control group at admission; however, a significant decrease in NIHSS was observed in the SA group at the 3-month follow-up compared with that in the control group, which indicated that the SA elicited a neurological protective effect on ischemic brain tissue, and this may be associated with microcirculation compensation. Additionally, the rate of patients with a favorable outcome in the SA group at the 3-month follow-up was significantly increased compared with that in the control group, which suggested that SA improved the neurological defect, potentially due to an improvement in blood supply in the ischemic brain tissue caused by an increase in CBV. The restoration of the blood flow, either antegrade or retrograde, may save the ischemic tissue (16). Mokin et al (39) retrospectively reviewed cases of acute ischemic stroke due to MCA M1 segment occlusion, and associated the favorable outcome with preintervention CBV values. The findings concluded that preintervention CBV values may be used as a predictor of the outcome in patients undergoing intra-arterial stroke therapies (39) . Therefore, CBV in brain tissue expressed by rCBV in the present study may be a useful indicator of reperfusion in the ischemic region and may be used as criteria to assess the therapeutic effect of drugs in acute stroke therapy.
In addition to increased CBV in the ischemic region following treatment with SA, decreased rCBF and increased rMTT were also observed in the present study when compared with that in controls in ICA or in hypoperfusion patients, which indicates longer blood perfusion time. In the control group, significantly increased rCBV and rCBF and significantly decreased rMTT were observed compared with the SA group following treatment either in ICA as the responsible vessel or in hypoperfusion patients, implying a shorter blood perfusion time and blood traveling a shorter Figure 13 . Illustration of penumbra changes following SA treatment. (A) A 48-year old male who presented with left visual field defect for 3 days. Acute infarction in right occipital lobe was identified by DWI (DWI, Aa). Penumbra surrounding the DWI lesion was presented at admission (PWI-DWI TTP; Aa) and almost disappeared following treatment with SA at the 3-month follow up (PWI-DWI TTP; Ab). (B) Case B was a 53-year old male. The first symptom was right extremity weakness for 2 days. Acute left parietal lobe infarction was identified on admission using DWI (DWI; Ba) and marked penumbra was observed (PWI-DWI TTP; Ba). These observations did not change following treatment with SA even though DWI lesion was attenuated at the 3-month follow up (PWI-DWI TTP; Bb). DWI, diffusion-weighted magnetic resonance imaging; PWI, perfusion-weighted magnetic resonance imaging; CBV, cerebral blood volume; CBF, cerebral blood flow; MTT, mean transit time; TTP, time to peak; SA, salvianolic acid. distance by other vessels as opposed to the capillaries (such as the arteries and veins).
SA, consists of the water-soluble components isolated from the roots of Salvia miltiorrhiza Bunge, which contains 1% SA A, 57% SA B, 37% rosmarinic acid and 5% other acids, and is a Chinese herb widely used for the treatment of stroke (40) . The use of SA was approved in 2011 by the Chinese State food and Drug administration (Z20110011) for the treatment of ischemic stroke (41) . Previous findings have indicated that SA inhibits lipid peroxidation, scavenges free radicals and protects neural cells against injuries caused by anoxia (42, 43) . In the present study, SA improved the perfusion of ischemic brain tissues selectively, and induced a favorable outcome compared with the controls at 3-month follow-up. Based on the present findings, microcirculation compensation may be a potential mechanism associated with the effect of SA on acute stroke. Further studies are required, particularly in vivo experiments, to fully explore the effects of microcirculation compensation in acute stroke.
The present study did have some limitations. Firstly, the study was semi-qualitative. However, relative PWI parameters are simply obtained and it has been observed that speculated CBV from rCBV is similar to that from volumetric assessment (44) . In a previous study by the present authors, using the speculation method, it was revealed that 118% of the contra-, it was revealed that 118% of the contrait was revealed that 118% of the contralateral CBV appeared in normal perfused patients and 77% in hypoperfused patients within DWI lesions; and surrounding the DWI lesion 121% of the contralateral CBV in normal perfused patients and 90% in hypoperfused patients, respectively; which suggests that >90% of the contralateral CBV may fit the metabolic demands of the hypoperfused tissues, and >120% of the contralateral CBVs may maintain a normal perfusion map (45) . In the present study, increasing CBV appeared in the SA group after treatment whether in DWI lesions or it's surrounding with patients of hypoperfusion or ICA as the responsible artery but does not meet the 120% criteria to reverse the hypoperfusion completely in the PWI map in all patients Secondly, visual assessment is not as accurate as volumetric assessment; however, hypoperfusion was easily detected using visual assessment. Furthermore, in the present study, the ROI was selected from a single time point of the PWI map and therefore not all time points were considered, which increased the extent of selection error. Additionally, the authors suggest that the increased CBV in ischemic brain tissue following treatment with SA was due to surrounding circulation compensation as opposed to the normal microcirculation perfusion, however animal experiments are required to confirm.
NIHSS -------------------------------------------------------mRS
In conclusion, the present results indicate that SA treatment may improve the perfusion of ischemic brain tissues, including the ischemic core and penumbra in ICA or hypoperfused patients with acute stroke. Furthermore, these findings suggest that SA may be used to improve neurological function and obtain favorable outcomes for patients that have suffered with acute stroke. TM with the intention for thrombectomy as primary endovascular treatment for acute ischemic stroke stroke (SWIFT PRIME) trial: Protocol for a randomized, controlled, multicenter study comparing the Solitaire revascularization device with IV tPA with IV tPA alone in acute ischemic stroke. Int J Stroke 10: 439-448, 2015.
